A s the second leading cause of blindness worldwide, glaucoma will affect an estimated 60 million people in 2010 and 80 million by 2020. 1 Population-based studies of various racial and ethnic groups including African Americans, Caucasians, Hispanic Americans, Indians, and Chinese present different probabilities of glaucoma development between racial groups, with African Americans showing higher rates of openangle glaucoma than any other race. [2] [3] [4] [5] [6] [7] [8] [9] [10] In those studies, when one race was considered, the prevalence increased significantly with increasing age. Based on these findings, researchers have pointed out that age and race are two important risk factors that influence both the incidence and prevalence of the disease. 11 The mechanical theory of glaucoma rests on the assumption that mechanical deformation due to locally acting forces at the lamina cribrosa may cause damage to and a loss of retinal ganglion cell (RGC) function, which is important in the vision loss associated with glaucoma. [12] [13] [14] [15] [16] Recent research has suggested that the posterior sclera plays an essential role in the development of normotensive glaucoma, since relatively low IOP can itself lead to increased posterior deformation in the presence of altered scleral mechanical properties. 16 -20 It is also plausible that variability in the microstructure of the posterior sclera is responsible for the large variability in mechanical properties reported for this tissue in the literature. [21] [22] [23] We hypothesized that microstructural changes in posterior sclera contribute to the predisposition to primary open-angle glaucoma found with advanced age and racial background. Although there is evidence that both the lamina cribrosa and the peripapillary matrix remodel in the presence of glaucoma, 24 how the structural changes of lamina cribrosa and peripapillary matrix influence the biomechanical environment of the ONH has yet to be fully elucidated. The purpose of this study was to investigate whether differences in the extracellular microstructure of the human sclera occur as a function of age and race.
METHODS

Summary of Donor Demographics
Seventy-five pairs of human scleral poles were acquired from 55 Caucasian and 20 African American donors. The samples came either from the laboratory of Daniel Stamer, PhD, at the University of Arizona (n ϭ 14) or from the Cleveland Eye Bank (CEB) (n ϭ 61). If available, the donors' information and ocular medical history were collected and recorded (n ϭ 4). None of the donors whose information was available were identified as diabetic. Among the donors whose ocular medical history was available, no one was positive for glaucoma as indicated by their primary optometrist or ophthalmologist. No other diseases were identified for the 75 donors.
The donors' age ranged from 15 to 99, with 49 males and 26 females. The donors were divided into three age groups: younger than 30 years (8 donors, ages [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] , between 30 and 60 years (33 donors, ages 32-59), and older than 60 years (34 donors, ages 60 -99).
Sample Preparation
Eyes shipped from the CEB were stored in Hanks' balanced salt solution (HBSS). The mean Ϯ SD of time between death and arrival at the Soft Tissue Biomechanics Laboratory (STBL) for all samples was 3.49 Ϯ 1.64 days (range, 1-8 days). On arrival, the posterior poles were kept 4 Biomedical Engineering, and thein phosphate-buffered saline (PBS) at 4°C and were dissected and snap frozen immediately.
Before dissection, loose connective and fatty tissues were removed from the eyes, and measurements of globe diameter (D) and axial length (L) were taken (Fig. 1) . Note that scleral globes were provided to the STBL in the shape shown in Figure 1 , which is why true measures of globe diameter and axial length were unavailable. Specimens from the temporal side of the right posterior poles were cut, and subsequently, the minimum distance from the ONH center to the sample was recorded ( Fig. 2A) . From each sample, a region approximately 1.0 cm 2 was isolated, placed in tissue-freezing medium (Triangle Biomedical Sciences, Durham, NC), and snap frozen in liquid nitrogen. Samples were flattened before snap freezing. All specimens were kept in a Ϫ150°C freezer until sectioning. The mean distance from the samples' nearest edge to the center of the ONH (d shown in Fig. 2A ) was 3.5 mm, with an SD of 1.6 mm. Samples from the left posterior poles (and other quadrants in both eyes) were also harvested and stored in the cryostat for later processing.
Each posterior temporal square scleral block of the right eye was cryosectioned at 70-m intervals through the depth and placed on microscope slides. Each section was then dehydrated in graded glycerol/water solutions (50%, 75%, and 87.5%), each for a half hour, and left in 100% glycerol overnight. The glycerol was then removed with a 100% alcohol solution. Tissue-mounting medium (Richard-Allan Scientific, Kalamazoo, MI) and a coverslip were then placed over the sample. Given a slice thickness of 70 m, a 1-mm-thick sample would result in approximately 14 slices. The actual depth of each slice was normalized based on the entire thickness. Slices with normalized depths in the range of 0 to 0.33, 0.33 to 0.66, and 0.66 to 1 mm were grouped as outer, middle, and inner layers, respectively, with the inner layer corresponding to the choroidal surface. Therefore, each layer contained four to five slices. To identify possible differences in structural anisotropy through the depth of the sclera, we combined the data from all slices into one of three layers and compared across layers.
Small-Angle Light Scattering (SALS)
SALS is a well-developed technology that has been applied to studies of aortic valves, 25 cornea, 26, 27 and cranial dura mater, 28 among other tissues. Construction of the SALS device within the STBL (Fig. 3A) closely followed that previously developed and described by Sacks et al. 29 This technique relies on the preferential scattering of HeNe light through thin soft tissues. The device assembly consists of an unpolarized 5-mW HeNe laser ( ϭ 632.8 nm; JDS Uniphase, Milpitas, CA), 2-D motion-controlled automated specimen holder, projection screen, and CCD camera (model XCD-V50; Sony, Tokyo, Japan), all mounted on a rigid optical platform (Fig. 3B) . The pixel resolution of the CCD camera is 7.4 m 2 . The specimen holder consists of two linear screw-driven tables (404XR series; Parker Hannifin, Cleveland, OH) with two stepper motors (IH23008; MCG, Inc., Eden Prairie, MN) set in plane, perpendicular to the laser and connected to a two-axis motor drive (MID-7602; National Instruments, Austin TX). For our SALS setup, the distance between the CCD and screen was 914 mm (for all tests), whereas the distance between the screen and specimen holder was 165 mm (for all tests). The interested reader can find further details regarding the SALS technique in another publication. 29 The laser light is transmitted through the tissue sample, and the beam is preferentially splayed 90°to the internal planar fiber microstructure. From the centroid of the splayed image, the major axis has an angle, , from the horizontal equator. The resulting angle plus 90°i s the local fiber angle, ϭ ϩ 90°, which is an estimate of the preferred direction of the local extracellular matrix, (e.g., collagen and elastin 29 Fig . 4A ). The degree of fiber alignment used in this study was determined based on the eccentricity, E (0, 1), of the resulting ellipse which has the same normalized second moment as the splayed image (Fig. 4A) . The normalized second moments of each image of splayed light were calculated directly from a built-in function (Regionprops; MatLab; The MathWorks, Natick, MA). The major and minor axes of an ellipse with the normalized second moments yy , xy , and xx are given by 30 Major axis length ϭ 2 ͱ2ͱ yy ϩ xx ϩ ͱ͑ yy ϩ xx ͒ 2 ϩ 4 xy 2 .
(
and Minor axis length ϭ 2 ͱ2ͱ yy ϩ xx Ϫ ͱ͑ yy ϩ xx ͒ 2 ϩ 4 xy 2 .
(2) Eccentricity is then the ratio of the distance between the foci of the ellipse and its major axis length, where 0 corresponds to a perfect circle and 1 corresponds to a line:
Major axis length 2
Major axis length .
It should be noted that the eccentricity, E, increases with increasing degree of fiber alignment. For a complete description of the entire process of generating the ellipse and calculating normalized second moments and major/minor axis lengths, the reader is referred to Haralick and Shapiro (pp 656 -657). 30 Images such as Figure 4A were generated at each location over the entire planar dehydrated sample in a 350 m 2 -spaced grid as the specimen slide was translated with a custom-written, software-driven, motion-control system (LabView; National Instruments). Therefore, for a typical scleral block of 10 mm 2 regions, there would be ϳ29 ϫ 29 locations. Image analysis was performed with a software program specifically designed for this purpose (Matlab; The MathWorks). Preliminary SALS scans on sclera showed that regions within a given slide that did not have tissue present resulted in eccentricities less than or equal to 0.3. For this reason, all measurements that had an eccentricity less than 0.3 were excluded from statistical analysis. The result was a vector-contour plot of local fiber directions and eccentricities for each slide, similar to those shown in Figures 4B-D .
In the analysis, the local fiber direction was transformed by using a polar coordinate system whose origin is the ONH and whose local radial direction is pointed away from the ONH. Therefore, a local fiber direction of 0°and 180°corresponds to equatorial alignment, whereas a value of 90°indicates fibers aligned meridionally (Fig. 2B) . To generate a single metric of fiber direction over each entire sample for the comparisons between ages, races, and sexes, we quantified the percentage occurrence of fiber angles existing in bins between 0°and 45°a nd 135°and 180°(equatorial) and 45°and 135°(meridional) by the percentage of fibers in the above bins over the entire sample (over all locations within a slice and for all slices). Similarly, a representative value of eccentricity was taken as the average of all values over an entire sample. The percentage occurrences of fibers within the 45°and 135°angle range and the mean eccentricity were used for statistical comparisons. The distribution of percentage occurrence of meridional fibers and eccentricity as a function of the radial coordinate of the polar coordinate system (along the temporal meridian) was also investigated.
Statistical Analysis
Statistical analyses between layer, age, and racial groups were performed with commercial software (SigmaStat software version 3.1.1; Systat, Software, Inc., Chicago, IL). Kolmogorov-Smirnov tests were used to determine the normality of the data.
Differences in Percent Occurrence
The percentage occurrence values were transformed by using an arc sine transformation for age and racial groups to correct for nonnormality. The arc sine transformation is useful for proportions that range from 0 to 1. 31 A one-way analysis of variance (ANOVA) was then performed for the transformed data of the three age groups and for the three depth layers on the original data. Student's t-tests were performed to compare between the two racial groups on the transformed data. For the two sex groups, the data were not normal, even when transformed; therefore a Mann-Whitney rank sum test was applied to the original data.
Differences in Eccentricity
A Kruskal-Wallis one-way ANOVA on ranks was used to determine whether there were significant differences in the eccentricity as a function of depth. The same test was used to investigate differences within age groups. A Tukey test was then chosen as a multiplecomparison procedure to identify which treatment groups were significantly different. Mann-Whitney rank sum tests were selected to analyze the difference in the median eccentricity values between the African American and Caucasian groups and between the males and females.
Repeatability and Validation of SALS
The repeatability of the SALS technique was determined by SALS testing of a series of slides of the same scleral sample in two sequential sessions. The percentage of fibers with angles in the same range (60 -120°) had an average relative difference of 6.33%, with an SD of 1.46% between the two runs. The eccentricities had a mean relative difference of 0.31%, with an SD of 0.16%.
To validate the application of SALS technique on scleral tissue, we used multiphoton microscopy to observe the actual fiber architecture in a porcine sclera sample (ϳ1.5 mm 2 ) at depths from 0 to 100 m. Details for the methods used in the multiphoton microscopy are given in a study by Kirkpatrick et al. 32 Briefly, the sample was imaged with a 150-fs pulsed titanium-sapphire laser (Chameleon Ultra 2; Coherent, Santa Clara, CA) coupled to a laser scanning microscope (TriMScope; Lavision Biotec, Bielefeld, Germany). Incident light is focused, and emitted signals are collected in nondescanning fashion with a 20 ϫ 0.9 NA water-immersion objective lens (Olympus, Lake Success, NY). The laser is centered at 780 nm, and the second harmonic signal is collected onto a second nondescan PMT (photomultiplier tube) detector through a custom filter (380 -400 nm; Chroma, Bellows Falls, VT). The field of view in the microscope we used is 350 m 2 , which equals the spatial resolution we used in SALS. Therefore, one multiphoton image would correspond to one light-splay image (Figs. 5A , 5B). The three images have been pieced together in Figures 5B and 5C , to show the whole fiber structure. After multiphoton imaging, the specimen was subsequently taken through the SALS process. The angles were averaged throughout the same depths that were SALS tested. The percentage difference between the mean angle from the microscopy images and that from SALS was then quantified. Values of eccentricity for the multiphoton images were also collected and compared against the corresponding SALS results.
For the validation study, the images obtained from both SALS test and multiphoton microscopy were compared. Every local fiber direction in the multiphoton microscopy data were plotted as a small vector in a quiver plot shown in Figure 5C . The solid line in each image is the mean direction. The three vectors within the dashed box in Figure 5A are the local fiber directions calculated based on the scattering patterns at the same locations corresponding to those shown in Figure 5B . The fiber directions obtained from both methods have a mean relative difference of 9.64%. The eccentricities for the SALS images corresponding to the highlighted region in Figure 5A were 0.63, 0.43, and 0.65 (left to right), whereas eccentricities for the corresponding multiphoton images in Figure 5B were 0.67, 0.49, and 0.68.
The effect of the storage time was also analyzed. The linear regression of mean eccentricity data as a function of storage time has an R 2 value of 0.0025, whereas the R 2 value of the linear regression of the mean percentage of occurrences of meridional fibers as a function of storage time was 0.0657. These indicate that there is no relationship between our quantified endpoints and the time of tissue storage.
We confirm that our research adhered to the tenets of the Declaration of Helsinki and that all subjects consented to donate tissue for research purposes. We complied with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research when using experimental animals.
RESULTS
Radial Distance-Dependent Variations
The mean globe diameter of the posterior sclera shells (D in Fig. 1) was 23 .96 Ϯ 0.89 mm, and the mean axial length in the posterior-anterior direction (L in Fig. 1) was 18 .89 Ϯ 1.03 mm. The mean percentage occurrence of fibers oriented meridionally in all samples is plotted as a function of radius (in the polar coordinate system) in Figure 6A . The percentage occurrence had a peak at a radius of ϳ6 mm and decreased continually at both higher and lower radii. The relationship between the eccentricity and radius is shown in Figure 6B . The eccentricity was generally constant along the radius.
Depth-Dependent Variations
The percentage occurrence of fibers is plotted as a function of tissue depth in Figure 7 . This figure demonstrates that the percentage of fibers located between 45°and 135°increased from the outer layer toward the inner layer. The data also suggest that the fibers in human sclera are predominantly aligned equatorially, regardless of depth location. The mean percentages of occurrence of meridionally aligned fibers were 8.68% Ϯ 4.5%, 10.06% Ϯ 3.7%, and 13.72% Ϯ 4.5% for the outer, middle, and inner layers, respectively. There was a significant difference between the percentage of meridional fibers in the inner, middle, and outer scleral layers (P Ͻ 0.001 between the inner and outer, and between the middle and outer layers; P Ͻ 0.05 between the inner and middle layers).
The mean eccentricities were 0.449 Ϯ 0.045, 0.446 Ϯ 0.034, and 0.429 Ϯ 0.030 for the outer, middle, and inner layers, respectively. To provide a representative measure of the variability within a sample, we calculated the mean of all sample standard deviations across all donors to be 0.037 Ϯ 0.013. While there was a significant difference in eccentricity through the depth (P Ͻ 0.05), we believe that the small magnitude of these differences may not be physiologically meaningful.
Age-Dependent Variations
The mean percentages of occurrence of meridionally aligned fibers were 33.39% Ϯ 9.1%, 34.83% Ϯ 1.2%, and 31.20% Ϯ 8.3% for the Ͻ30-, 30-to 60-, and Ͼ60-year age groups, respectively. For each age group, the average occurrence percentages and standard deviations versus the angle range are shown in Figure 8 . There were no significant differences in percentage of fiber occurrence as a function of age (P ϭ 0.348). There was, however, a significant preference of fibers aligned equatorially around the ONH at any age (P Ͻ 0.001). The mean eccentricities were 0.45 Ϯ 0.006, 0.46 Ϯ 0.006, and 0.44 Ϯ 0.004 for the Ͻ30-, 30-to 60-, and Ͼ60-year age groups, respectively. There were no significant differences in eccentricity across age groups (P ϭ 0.364).
Race-Dependent Variations
The mean percentage of occurrences of meridionally aligned fibers were 40.34% Ϯ 9.8% and 30.37% Ϯ 9.0% for the African American and Caucasian samples, respectively. Figure 9 shows the average occurrence percentages as a function of donor race. As can be seen in the figure, African Americans (n ϭ 20) had a significantly higher percentage of occurrence of fibers aligned meridionally than did the Caucasians (P Ͻ 0.001). The mean eccentricities were 0.44 Ϯ 0.007 and 0.44 Ϯ 0.004 for the African American and Caucasian groups, respectively (P ϭ 0.359). The difference between Caucasians and African Americans can be easily observed by comparing the representative SALS plots shown in Figures 4C and 4D , respectively.
Sex-Dependent Variations
The average percentage occurrence of meridional fibers in the males was 33.5% Ϯ 11.4%, and that in the females was 32.78% Ϯ 9.6%. The eccentricity was 0.44 for both the males and females, and the standard deviations were 0.032 and 0.030, FIGURE 6. Percentage occurrence of meridional fibers (A) and eccentricity (B) as a function of radial distance from the ONH for all samples. Error bars, standard deviations. For each sample, data were collected and averaged along the temporal meridian from the nearest to farthest edge, at 0.35-mm intervals. Data at similar radii were averaged through the depth over all the samples. Since samples had different widths (along the temporal meridian), the averaged data along the meridian starting at d ϭ 3.5 mm up to d ϭ 11.9 mm is displayed. Values from samples longer than 11.9 mm were not included.
respectively. There were no statistically significant differences between the two groups in the percentage occurrences or eccentricity (P ϭ 0.925 and 0.459, respectively).
DISCUSSION
Our results indicate a preferential alignment of posterior fibers in the equatorial direction around the ONH. The racial difference in mean percentage of fibers between 45°, and 135°is statistically significant, indicating that African American have fewer fibers oriented in the equatorial direction around the ONH. A significant relationship of stronger equatorial alignment near the episcleral surface was also found; however, these small differences may not have physiological consequences.
Findings in recent studies have suggested that the three-dimensional anatomy of the eye, the scleral shell, and the mechanical properties of the posterior sclera determine the magnitude and distribution of IOP-induced deformations. 16, 19, 20 The preferential alignment of fibers surrounding the ONH quantitatively found in this study corresponds to the circular pattern stated by Hogan et al., 33 who directly measured the collagen orientation in posterior sclera with light micrographs. Our results also correspond with those found indirectly by Girard et al., 34, 35 who ascertained a similar preferential alignment using computational simulation. All these results are consistent with the study by Hernandez et al., 36 who also qualitatively described an equatorially preferred fiber alignment around the lamina cribrosa. While it is known that fibers straighten and elongate under a uniaxially applied load to resist deformation, 37,38 the specific reason for equatorial matrix organization around the ONH is not fully understood. The authors believe this equatorial alignment of fibers around the ONH provides structural reinforcement to guard the delicate canal through which the optic nerve passes. Alterations in this alignment could then predispose posterior ocular tissues to a higher risk of mechanical damage.
The main purpose of this work was to identify whether differences in the matrix architecture of the posterior sclera occur as a function of age and race. Our research demonstrated a statistically significant decrease in the fraction of fibers oriented equatorially in African American donors compared with the Caucasians. Future work in our laboratory will focus on identifying whether such differences result in significant phys- Percentage occurrence as a function of depth. Significant differences were found among varied layers (P Ͻ 0.001 between the inner and outer, and between the middle and outer layers; P Ͻ 0.05 between the inner and middle layers). Error bars, SD. All data in this plot are averaged over all radial locations at each depth. Note that all bar graph values add up to 100%, because for each sample six occurrence measures were taken (two angle bins for each of three layers).
FIGURE 8.
Preferential equatorial alignment of fibers in the posterior sclera of different ages. There were no significant differences within any angle range as a function of age. P Ͻ 0.001 between different angle ranges in each group. Error bars, standard deviations. The data for each age group add up to 100%, since each donor sample was put into its own age group. iological alterations in the ONH biomechanical environment. Since previous studies have indicated a higher prevalence of primary open-angle glaucoma in the African American population, 2-5 the decreased equatorial alignment in African American donors identified in our study may predispose these populations to a higher risk of optic nerve damage at normal levels of IOP.
A previous electron microscopy study of human sclera showed that collagen in the sclera is arranged in a more random pattern near the inner region and becomes more highly aligned and lamellar near the outer region. 39 The trend through the scleral depth that we report herein agrees with these findings, in that we also found a higher tendency toward equatorial alignment on the episcleral surface. The functional reason for having a more randomly arranged pattern near the choroidal surface of the sclera is currently unknown. In addition, how and to what degree this arrangement contributes to the pathophysiological conditions associated with glaucoma has yet to be elucidated. Although not strong enough to be considered causative, it is possible that the scleral matrix alterations that we found participate in the development of primary open-angle glaucoma. Our research group is currently using the structural data obtained in this study for computational simulations (using microstructurally based constitutive models), to investigate how microstructural alterations of the posterior sclera affect ONH biomechanical environment.
One of the primary limitations of this study was that only the temporal region of the posterior sclera has been tested and analyzed. However, samples from nasal, inferior, and superior regions of the posterior sclera were also procured in our laboratory. The analysis of those samples is ongoing within our laboratory. It should also be noted that a large subset of the eyes tested in this study did not have ocular medical histories available. As such, these donors may have had unknown ocular diseases (e.g., glaucoma). Another unexpected limitation of this study was that our SALS system recorded non-0 eccentricities when the laser light was shown through regions of the slide without tissue. While advantageous, in that it provides a quantitative method of identifying tissue or nontissue regions on our slides, this problem may bring into question the quantitative measures of eccentricity reported in this study. In other words, it is possible that the eccentricities do not truly represent the precise degree of alignment in the scleral tissue. The reader should therefore use caution when interpreting the eccentricities reported in this work.
Another limitation of this study is that the tissues analyzed were days old. While we did not see any trends in our output variables as a function of time from death to snap freezing, our results should also be interpreted with this in mind.
Although the SALS technique is not novel, as far as we know, this study is the first application of SALS that focuses on the experimental measurement of fiber organization in human sclera. The results provide some evidence in support of the ongoing hypothesis that microstructural alterations in the human sclera contributes to the prevalence of glaucomatous damage at normal IOP. Further research is needed to more fully elucidate posterior scleral structural and mechanical alterations and how they might predispose high-risk races to glaucomatous damage at low IOPs.
